Understanding the formation of the extremely metal poor star SDSS-J102915+172927 is of fundamental importance to improve our knowledge on the transition between the first and second generation of stars in the Universe. In this paper, we perform three-dimensional cosmological hydrodynamical simulations of dust-enriched halos during the early stages of the collapse process including a detailed treatment of the dust physics. We employ the astrochemistry package krome coupled with the hydrodynamical code enzo assuming grain size distributions produced by the explosion of core-collapse supernovae of 20 and 35 M primordial stars which are suitable to reproduce the chemical pattern of the SDSS-J102915+172927 star. We find that the dust mass yield produced from Population III supernovae explosions is the most important factor which drives the thermal evolution and the dynamical properties of the halos. Hence, for the specific distributions relevant in this context, the composition, the dust optical properties, and the sizerange have only minor effects on the results due to similar cooling functions. We also show that the critical dust mass to enable fragmentation provided by semi-analytical models should be revised, as we obtain values one order of magnitude larger. This determines the transition from disk fragmentation to a more filamentary fragmentation mode, and suggests that likely more than one single supernova event or efficient dust growth should be invoked to get such a high dust content.
Introduction
The discovery of the extremely metal poor star SDSS J102915+172927 (Caffau et al. 2011) has opened the possibility to indirectly probe the conditions of primordial clouds and to explore the environments which have led to the transition between the first (PopIII) and the second generation of stars. The so called "Caffau's star" is in fact characterized by an extremely low metallicity of 4.5×10 −5 Z , supposedly formed from a minihalo enriched with dust and metals by the explosion of a massive primordial star Schneider et al. 2012b) . From the observed abundances of Caffau's star it has been inferred that the supernova progenitor should have a mass of 20-40 M which during the explosion released a content of dust of 0.01-0.4 M in the medium (Schneider et al. 2012b ). However, the mechanism that likely led to the formation of Caffau's star is far from being well-understood, because the interplay between different processes makes the problem rather intricate, both physically and numerically. Compared to the formation of PopIII stars, where the chemistry is simple, for the second generation of stars the presence of dust, metals, and feedback adds complexity which results in a high computational cost and large uncertainties. Recently, Smith et al. (2015) performed cosmological simulations of a collapsing minihalo enriched by dust and metals obtained from the outcome of a supernova (SN) explosion of a 30 M PopIII star. The outcome of the SN produced a uniform metallicity of ∼2×10 −5 Z , and the collapse led to vigorous fragmentation and a turbulent density structure. However, their dust model assumes quantities averaged on a standard size distribution 1 . In addition, the amount of dust and the composition resemble the present-day ISM properties re-scaled by the metallicity, which is known to have a high depletion efficiency f dep , i.e. a significant amount of metals is locked into dust (Pollack et al. 1994 ). On the contrary, realistic models of dust grains formed in PopIII core-collapse SNe reported over the last decade (Todini & Ferrara 2001; Nozawa et al. 2007; Schneider et al. 2006 Schneider et al. , 2012b Marassi et al. 2015) show very different grain size distributions and compositions, and much lower depletion efficiencies. This is also supported by recent observations of damped Ly-α systems with a metallicity ∼10 −3 Z (Schady et al. 2010; Zafar et al. 2011) . In previous studies Dopcke et al. (2011 Dopcke et al. ( , 2013 , starting from an idealized setup, employed a dust model similar to Smith et al. (2015) and explored different metallicities obtaining, through a sink particle algorithm, the mass distribution of the resulting protostellar clumps, which showed a transition from a flat to a peaky distribution with increasing metallicity. So far these are the first and the only works where the dust cooling has been included in three-dimensional (3D) simulations of gravitational collapse of a minihalo, but a comparison between the two studies is difficult as the initial conditions and the numerical code employed are very different.
In a recently submitted paper, Chiaki et al. (2016) employed a comprehensive chemical model coupled with a proper treatment of the dust grains including the grain growth. They performed simulations of collapsing halos starting from a cosmological initial setup obtained by the outcome of the 1 See Klessen & Glover (2014) for an analysis of the inaccuracy and uncertainties of this approach. Hirano et al. (2014) simulations suite. The fragmentation process has been studied assuming an adiabatic collapse for densities above 10 16 cm −3
and they concluded that the fragmentation is strongly related to the metallicity of the gas, but also influenced by the collapse time-scale. Even if this study is very detailed and includes a proper model for the dust grains, there are two important questions which have not been addressed: what is the effect of the grain size distribution and of different dust compositions on the thermal evolution and the dynamical properties of the collapsing halo? How does the dust mass yield affect the fragmentation? In this work we provide a quantitative study of the effect of different grain size distributions/compositions on the dynamics of collapsing minihalos enriched by dust for the case of SDSS J102915+172927, starting from cosmological initial conditions and allowing for a high dynamical resolution.
In the following sections we introduce the different grain size distributions employed in this work, and give the details of our numerical setup. Then we discuss the main results and draw our conclusions.
Numerical methods

Chemistry and microphysics
Chemistry, microphysics, and dust-related processes are treated via the krome package 2 , which is well suited to accurately and efficiently model chemistry and microphysics in hydrodynamical simulations. The package has been employed to study a variety of astrophysical problems, with a wide range of physical and chemical conditions Prieto et al. 2015; Katz et al. 2015; Schleicher et al. 2016) , including the formation of supermassive black holes (Latif et al. , 2015 and simulations of starforming filaments (Seifried & Walch 2015) .
In this work, we employ a state-of-the-art primordial network, together with the main cooling/heating processes needed to model the collapse of a metal-free minihalo. Specifically, we include: atomic and Compton cooling as adopted from Cen (1992) , H 2 roto-vibrational cooling updated to Glover (2015) , collisionally induced emis-sion cooling , and dust cooling (Sect. 2.2). Chemical heating and cooling produced by the formation/destruction of molecular hydrogen is also considered, these include the energy released by the formation of H 2 on dust (Hollenbach & McKee 1979) , that we compute employing the size-dependent rates of Cazaux & Spaans (2009) 3 . The choice to not include metals is dictated by the fact that at this low metallicity the fine-structure metal cooling is negligible as we are well below the critical metallicity (Z = 10 −3.5 Z ) postulated by Bromm et al. (2001) , and recently confirmed with high-resolution numerical simulations ).
Grain size distributions
We explore the effect of the grain size distribution following two different approaches. First, we employ the distribution and dust composition as expected from the outcome of core-collapse SNe explosion (Limongi & Chieffi 2012) , which is reprocessed by a nucleation model (Schneider et al. 2012b; Chiaki et al. 2014) . The SN models have been selected to reproduce the average elemental abundances of Caffau's star. These include six different grain species, namely amorphous carbon (AC), alumina (Al 2 O 3 ), magnetite (Fe 3 O 4 ), enstatite (MgSiO 3 ), forsterite (Mg 2 SiO 4 ), and silica (SiO 2 ), with a distribution similar to the one reported in Fig. 2 of Chiaki et al. (2014) , and take into account the passage of a reverse shock which can destroy the initial distribution produced by the SN. We consider here the case of a 35 M progenitor star (run2 in Table 1 ) where the distribution (reported in Fig. 1 ) is affected by a weak reverse shock (labelled rev1 in Table 1 ) with a depletion factor f dep = 0.0082, and a case where the progenitor is a primordial star of 20 M (run3) exposed to a stronger reverse shock (rev2 in Table 1) , with a higher depletion factor, f dep = 0.015. We note that, due to the lack of details in previous papers, it is difficult to retrieve the grain-size distributions for every case. We therefore assume that the grain-size distribution shape is similar and we only change the dust mass yield (f dep ) for the case with 20 M (run2). As we will show in the next sections this is a good approximation as the shape 3 The krome setup employed in these simulations and the dust tables will be available on request.
of the distribution and the grain composition have only a minor impact on the final results. This was also shown by Ji et al. (2014) within a simple onezone framework. Schneider et al. (2012b) postulated that to have fragmentation at the metallicity of Caffau's star f dep should be larger than 0.01. This threshold has been obtained from simple one-zone models that may not capture the full 3D dynamics and should thus be considered with caution, as also discussed in Safranek-Shrader et al. (2014) . With these two distributions we are able to explore values around (run2 and run3) and well above (run4 and run5) the threshold suggested by Schneider et al. (2012b) to see under which conditions it has a substantial impact on the density structure.
A second series of runs is performed including a typical power-law size distribution (dn/da ∝ a −α ), with exponent α = -3.5 (Mathis et al. 1977) , where we assume a mix of carbonaceous and silicates resembling the Milky Way (MW) typical composition, with a min = 5×10 −7
and a max = 10 −5 cm as reported in Fig. 1 . We see that the power-law case has a high mass content (f dep = 0.49 as provided by Pollack et al. 1994 and also reported by Schneider et al. 2012a ) and spans a smaller size-range. On the other hand, the distribution produced by SN models flattens at smaller radii as an effect of the reverse shock and extends down to very small sizes, of the order of 10 −8 cm. These differences are relevant to un-derstand the thermodynamics of the system and the results we report in the next sections. In the case of the power-law (run7), we have to re-scale the solar dust-to-gas ratio by the star's metallicity Z = 4.5 × 10 −5 Z . As we aim to study the conditions under which Caffau's star was formed we employ the above fixed metallicity value for all the runs presented in this work.
Finally, we also run a case (run6) where we adopt the 35 M model, but increase the depletion factor from 0.0082 to 0.49, i.e. assuming the same f dep as for the power-law case, to disentangle the effect of the dust mass, composition, and distribution on the dynamics.
The dust physics is employed in krome via look-up tables obtained by the procedure described in Grassi et al. (2016) , which are only functions of the total density n tot and the gas temperature T . We assume N d = 20 bins in size per each grain type (N t ), which ensure a very good convergence on the results 4 . The total dust cooling is given by summing the contributions over all bins (N d × N t ) as
where v g is the gas thermal speed, and f takes into account the contributions of species other than protons and is assumed to be equal to 0.5 (Hol-
where k B is the Boltzmann constant, T the gas temperature, n d,i , a i , and T d,i , are the dust number density, the grain size, and the dust temperature in the ith bin, respectively. The N d × N t dust temperatures are the roots of the non-linear system of equations
where i = 1, N d × N t , Γ em,i , and Γ abs,i being the radiation emitted and absorbed by a dust grain, and β e the escape probability (Omukai 2000) defined as
The gas opacity (τ g ) is taken from Mayer & Duschl (2005) , while the optical constants for every individual dust species (τ d ) are obtained from the refractive indexes reported by the Jena Database (www.astro.uni-jena.de/Laboratory/OCDB/). For the carbonaceous and silicates employed in the power-law distribution, the optical constants are from Bruce Draine's website 5 (see Draine et al. 1984) . The bulk densities are from Nozawa et al. (2006) . We note here that β e includes contributions from all dust bins and their respective
, thus making the system in Eq. 4 non-linear (see Grassi et al. 2016 for additional details).
Simulation setup
We select two minihalos of masses 10 6 M and 7×10 5 M and follow the collapse from cosmological initial conditions by employing the hydrodynamical code enzo (Bryan et al. 2014) . These minihalos have different properties and start to collapse at different times, z = 22 and z = 18, respectively Bovino et al. 2014) .
From z = 99 to z = 22 we evolve the halos to reach a central temperature of ∼10 3 K at a density of ∼10 −23 g cm −3 and then enable the dust machinery. Radiative and mechanical feedback from the previous generation of stars is neglected here and the dust mass fraction is constant during the evolution as we are not considering any process which might form or destroy dust but evaporation. We allow for 29 levels of refinement, which yield a resolution at a sub-AU level, and resolve the Jeans length by 64 cells. Our refinement strategy is based on over-density, Jeans length and particle mass and is applied during the simulations to ensure that all physical processes are well resolved and the Truelove criterion (Truelove et al. 1997; Federrath et al. 2011 ) is fulfilled. A summary of our runs is reported in Table 1 : Specifications of the runs presented in this work: type of distribution, depletion factor f dep , dustto-gas mass ratio D, and type of reverse shock destroying the initial dust distribution. The arrows indicate values above (up) and below (down) the critical f dep . We employed Z = 0.02 to be consistent with previous estimates of the f dep (e.g. Pollack et al. 1994) . The notation 4.9(-9) reads as 4.9×10 −9 . Note that the dustto-gas mass ratio for the power-law distribution has been evaluated as D = D × Z/Z with D = 0.00934 while, as already discussed in the text, for the SN-like distribution we obtain it from the depletion factor as also include the dust-to-gas mass ratio obtained from the depletion factor f dep and the metallicity Z = 4.5 × 10 −5 Z as D = f dep Z (see Schneider et al. 2012b) . Note that we employ Z = 0.02 for consistency with previous work (e.g. Pollack et al. 1994) even if this value is now obsolete (Asplund & Grevesse 2009 ). It is important however to underline that the estimate of D as well the value of Z never enter the generation of the tables we have used but we decided to report those to allow for a better comparison with previous investigations.
Results
In Fig. 2 we report the averaged thermal evolution for the runs performed for the two halos. In both cases the general trend is very similar, and clearly shows the effect of dust on the thermodynamics. Depending on the employed grain size distribution, we see a weaker or stronger cooling: the runs with low mass dust yield (run2 to run4) start to cool at densities above 10 −12 g cm
as a result of the dust cooling and reach a minimum temperature of 800 K, 600 K and 400 K for Halo 1, and 700 K, 500 K and 400 K for Halo 2. When we increase the amount of dust the cooling (H 2 + dust) is much stronger and the effect is already visible at densities of 10 −18 g cm −3 . The minimum temperature reached both in run6 and run7 is around 200 K and could lead to the formation of clumps with masses < 0.01 M . The same dust content (f dep = 0.49) provides similar results regardless of the choice of the distribution. In fact, assuming a power-law (run7) or a more realistic SN distribution (run6) produces only slight differences of the order of ∼50-100 K at densities around ∼10 −13 − 10 −11 g cm −3 .
In Fig. 3 we report the H 2 fraction as a function of the density for different runs. As expected from previous studies (e.g. Fig. 4 of Omukai 2000) the H 2 evolution is strongly affected by the presence of dust, in particular it forms more rapidly while f dep is larger than 0.03. This enhanced H 2 fraction results in a slightly higher H 2 cooling as discussed in the next section and also reported by Smith et al. (2015) .
To explore and analyze the differences in the thermodynamics in more detail, we report in Fig. 4 results from one-zone models for the most relevant cases. The overall thermal evolution is in good agreement with the results reported in Fig. 2 . In particular the thermal evolution for run6 and run7, which have the same depletion factor f dep = 0.49 but different grain-size distributions, looks very similar to our 3D simulations around densities of 10 −14 -10 −12 g cm −3 , i.e. the cooling provided when employing the grain-size distribution produced by SN models is slightly stronger than the one provided by a Milky Way type distribution only at densities between 10 −14 -10 −13 g cm −3 . To quantify these differences we plot in Fig. 5 the ratio between the two cooling functions, named Λ
MW d
and Λ SN d for the Milky Way and the SN-like distributions, respectively. In the region of densities where the dust cooling becomes relevant the ratio varies from 0.4 to 1.2, which means that the SN distribution provides at most two times more cooling compared to the MW-like distribution. This directly reflects the slight difference in the thermal evolution in Fig. 2 and explains why we do not see dramatic differences on the final results (thermal and dynamical evolution) even if the two distributions are different in size range, composition, and shape. To support our numerical results, we provide in the appendix an analytical derivation for the dust cooling which clearly shows, under the given assumptions, that changing the optical properties and the size of the grains has only minor impact on the final dust cooling. We should add that there are some differences between the thermal evolution obtained from semi-analytical one-zone models and the three-dimensional hydrodynamical simulations, as a consequence of the fact that in 3D the collapse speed is affected by thermal pressure as well by turbulence and rotation. In spite of the agreement in the thermodynamical evolution, we will however show below that the resulting impact on the density structure is different from what was previously assumed in one-zone investigations.
Conditions for filaments formation
To better understand how the differences in the thermodynamics are reflected in the dynamical evolution, we show in Fig. 6 the density projections along the x-axis for the different runs and the two considered halos, taken at a peak density of 3×10
−10 g cm −3 . The density structure appears very similar in the two halos even if we note more turbulence in Halo 1. When considering the cases with f dep below (run2) or slightly above (run3, run4) the threshold proposed by Schneider et al. (2012b) , the collapse proceeds almost monolithically with a turbulent bulky structure which is similar to the primordial case (run1). provided when employing a Milky Way grain-size distribution, and Λ SN d , i.e. the cooling provided when using the grain-size distribution produced by SN models. Only the relevant density region is shown. This ratio has been calculated from the cooling functions obtained from the one-zone models we performed. Note that the dust cooling linearly scales with the dust mass as shown in the Appendix.
When we analyse the cases with a high depletion factor, i.e. f dep = 0.49, the gas evolves in a more fragmented and filamentary structure, reflecting the stronger cooling. The relative standard deviation (RSD = ρ rms /ρ mean ) reported in Fig. 7 confirms that the density dispersion is enhanced when filaments form. The intermediate case with f dep = 0.10, which is already one order of magnitude larger than the threshold suggested by semi-analytical models, also shows a compact structure. We can then argue that the dust mass threshold lies in the range 0.10 < f dep ≤ 0.49. A comparison with the thermal evolution further shows that the resulting conditions occur in the regime where γ < 1, i.e. where the temperature decreases in density. This is consistent with previous results by Peters et al. (2012 Peters et al. ( , 2014 exploring fragmentation in the presence of a fixed equation of state.
To quantitatively assess this point we report in Fig. 8 the most relevant cooling/heating rates as a function of the density for run6, i.e. the run where the dust cooling is very strong. As already discussed in previous works (e.g. see Omukai 2000) when dust is included both a strong heating due to the catalysis of H 2 on grains as well as an increase of cooling at high densities due to collisions between grain dust and gas occur. The H 2 abundance, as clear from our Fig. 3 , is boosted and so the H 2 cooling, at maximum by a factor of two (see also Smith et al. 2015) . However this enhancement of H 2 cooling occurs at intermediate densities and it is exceeded by the H 2 formation heating at densities around 10 −16 g cm −3 . This enhanced H 2 cooling could have as an effect to boost the formation of HD as reported by Meece et al. (2014) . The only efficient cooling at high densities comes from the dust which is reflected in a sudden drop in the thermal evolution and a γ < 1. As shown by Peters et al. (2012 Peters et al. ( , 2014 , the formation of filaments requires an equation of state with γ < 1. As evident from our Fig. 8 , the latter may occur at densities around 10 −22 -10 −20 g cm −3 , potentially leading to the formation of high-mass clumps, or at densities above 10 −14 g cm −3 which is well within the dust cooling regime. It should also be noted that Chiaki et al. (2016) discussed the possibility that the heating produced by the H 2 formation on dust grains could sometimes works against fragmentation.
However at this stage of the simulation we are not able to explore the fragmentation process in detail, and it would be important to evolve the system for longer time, following also the subsequent accretion process. Overall, a thin filamen-tary structure is expected to favour the formation of low-mass stars as clumps are more easily ejected from the filaments reducing the accretion rate, compared for instance to a thick disk case. In a fragmentation mode based on a thick disk, it is conceivable that more material is available for subsequent accretion, and the resulting clumps may be more massive Susa et al. 2014; Latif et al. 2015; Stacy et al. 2016 ). However, we cannot rule out the possibility of three-body ejection events, so that the formation of low-mass stars may also be possible in this context (e.g. see Ji et al. 2014) . Table 1 ) . Only the most relevant contributions are shown, namely the H 2 line cooling, the dust cooling, and the heating due the formation of H 2 both in gas phase and on dust. The thermal evolution is also reported together with the primordial case for reference. Note that the evolution is the same as in Fig. 4 but we focus here on higher densities.
To better understand the effect of the grain-size distribution we look at the case with an increased dust mass for the SN model distribution (run6), reported in Fig. 9 . By increasing f dep from 0.0082 to 0.49 we can also catch the effect of the composition/distribution on the thermal evolution and density structure. When comparing the two cases with the same dust content but different distribution and composition (run6 and run7), i.e. different optical properties and size ranges (Fig. 9) , we obtain very similar results (see thermal evolution in Fig. 2 and 4) and, in particular, similar fila- mentary density structures (Fig. 6 ). This crucial result suggests that the grain composition and the shape of the size distribution do not strongly impact on the evolution of the collapsing halo and its density structure, in particular not as much as the mass yield does. The latter turns out to be the key physical quantity to understand how Caffau's star was formed.
Conclusions and final remarks
In this paper we present 3D hydrodynamical calculations of two collapsing minihalos enriched by dust, starting from cosmological initial conditions. We employ the chemistry package krome ) coupled with the hydrodynamical code enzo including realistic grain size distributions and consistent dust physics. Two different types of grain distributions have been included: i) a standard power-law with composition and dust content similar to our galaxy, i.e. a mix of carbonaceous and silicates, and ii) a more realistic distribution for high-redshift environments (Schneider et al. 2012b) . This consists of a sum of log-normal distributions modified by the presence of reverse shocks which flattens the distribution at smaller radii. The two cases allow us to explore different dust compositions and distributions, and assess the effect of the dust physics on the dynamics of the collapsing minihalos. In addition, we ex-plore one case where the outcome of the SN models has been modified by increasing the dust mass yield, and compare this with the results obtained by employing the standard power-law distribution. We found that the dust mass yield, expressed in terms of the depletion factor f dep , is the key quantity which has a strong impact on the dynamical and thermal evolution of the minihalos.
In fact, when we impose the same dust mass (i.e. f dep = 0.49) for the standard power-law distribution and the one coming from SN models, these show similar results and dynamical properties. The composition and the size-range, under the conditions explored here and the grain-size distributions employed, are only producing minor differences because of similar dust cooling power. This is also supported by our analytical derivation in the Appendix. In addition, our results suggest that a threshold in dust mass exists, as proposed by Schneider et al. (2012b) , but we also found that it is at least one order of magnitude larger. Indeed, the formation of filaments depends more on the equation of state parameter γ (Peters et al. 2012) , rather than local minima in the temperature, as often assumed in one-zone investigations. The fragmentation after the formation of such filaments has been investigated in detail by Peters et al. (2014) .
Our results then suggest that assuming a single supernova event is not enough to provide the necessary dust mass to induce filaments formation. This leads to other scenarios: i) more than one supernova contributes to the enrichment of the medium and the halo where the star is formed, ii) a weak or no reverse shock should reprocess the dust coming from the SN explosion if a single event is assumed, iii) very efficient grain growth by sticking from the gas phase (in particular on silicates grains) that can increase the dust mass during the collapse should be considered.
However, the latter is rather uncertain as a minimum amount of refractory elements should be present in the gas phase (Chiaki et al. 2014 ). In addition the grain growth process must be fast enough to increase the depletion factor by orders of magnitudes. Nozawa et al. (2012) provided the conditions under which the grain growth can be efficient, with particular emphasis on the critical refractory elemental abundance needed to growth in function of the initial depletion factor. If we consider the 35 M case with f dep = 0.0082 (run2 in our Table 1 ), to reach a final f dep of 0.25 (i.e. above the threshold of 0.1 we found) a [Si/H]∼ -4.00 is needed according to Fig. 3 of Nozawa et al. (2012) . This is slightly higher compared to the silicon abundance observed in Caffau's star (i.e. [Si/H] = -4.27) and means that grain growth, for this specific case, should not be very efficient. When discussing the above scenarios we should also take into account the uncertainties coming from the dust nucleation models. The formation of dust in SN ejecta in the models included here comes from classical nucleation theory, but other models as the chemical kinetic approach (Cherchneff & Dwek 2009; Biscaro & Cherchneff 2014 ) may lead to different results (see e.g. Marassi et al. 2015) . Also within the same nucleation theory approach, Nozawa et al. (2007) produced different distributions compared to Schneider et al. (2012b) as this strongly depends on the assumptions made in the SN model (see also Chiaki et al. 2015) . It is then very important to explore other models which can provide a larger amount of dust under different conditions.
A quantitative and detailed comparison with previous 3D calculations (Dopcke et al. 2011 (Dopcke et al. , 2013 Meece et al. 2014; Smith et al. 2015 ) is difficult to pursue as they employed different dust models and initial setups. Meece et al. (2014) aimed at studying the effect of the metallicity and initial conditions (e.g. spin) on the fragmentation process performing simulations of an idealized halo collapse. However, the maximum density reached in their calculations is ∼10 10 cm −3 while the dust cooling, for the metallicity explored in this work, starts to be efficient at n > 10 11 cm −3 (i.e. ρ > 10 −13 g cm −3 ) as also discussed by Smith et al. 2015 . For this reason a direct comparison is not possible. Dopcke et al. (2013) reported temperatures between 200-500 K for metallicities of 10 −4 -10 −5 Z , in line with our results for the power-law distribution, but assuming an average grain size and different optical properties. In Smith et al. (2015) the final temperature reached is slightly higher but the density structure shows similar features as the findings discussed in this work. We further note, that using a realistic depletion factor from the SN models makes a strong difference for the thermodynamics and the dynamical behaviour. We found that the amount of dust in run3-run5 is below the threshold for which dust cooling becomes relevant. On the other hand, assuming a MW-like distribution/composition, with a high depletion factor, as in the work by Dopcke et al. (2011) and Smith et al. (2015) , can lead to an overcooling.
When discussing fragmentation processes it is also important to consider not only the thermodynamics, but also the dynamical processes which can change the picture sketched here. In particular, it is clear that supernovae can change the density structure and thus the initial conditions for star formation. In case of external enrichment in a scenario as modeled by Smith et al. (2015) , the resulting impact may be weaker, as the strength of the supernova shock has already decreased when reaching the new halo, and they also reported that the new material has efficiently mixed with the existing one, providing relatively uniform initial conditions. A more pronounced effect may occur when considering fall-back from supernovae that exploded within the same halo (see Ritter et al. 2012 and Cooke et al. 2014 in the context of carbon-enhanced metal poor stars). Such a scenario may have a stronger effect on the remaining mass that is still available for the process of star formation. We however note that in any case the material has to reach at least a Jeans mass if star formation is to occur, so that subsequently a homologous collapse may occur. From the comparison of our one-zone models with the 3D simulations, we expect no strong differences regarding the thermal evolution, even though the outcome with respect to fragmentation may certainly depend on the mass that was initially available. Recently, Hopkins & Conroy (2015) introduced the so called "promoted star formation" mechanism, which can be activated even in minihalos where the total metallicity is low, but a locally high dust mass could exist due to fluctuations induced by the dust dynamics. This model assumes that the dust distribution and composition in the early Universe is the same as the one observed for our galaxy.
In addition, considering that this star is a very rare object it could also be that it has been formed from specific uncommon dynamical conditions, as for instance halos with very high spin as the ones reported by de Souza et al. (2013) and Stacy et al. (2014) even if in the recent calculations by Meece et al. (2014) this seems unlikely to affect the collapse.
To conclude, the results presented in this work provide a relevant step forward to understand the main dust uncertainties and the parameters influencing the dynamical evolution of low-metallicity collapsing halos. quantities symbol formula units
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